ABSTRACT The voltage-sensor domain (VSD) is a functional module that undergoes structural transitions in response to membrane potential changes and regulates its effectors, thereby playing a crucial role in amplifying and decoding membrane electrical signals. Ion-conductive pore and phosphoinositide phosphatase are the downstream effectors of voltage-gated channels and the voltage-sensing phosphatase, respectively. It is known that upon transition, the VSD generally acts on the region C-terminal to S4. However, whether the VSD also induces any structural changes in the N-terminal region of S1 has not been addressed directly. Here, we report the existence of such an N-terminal effect. We used two distinct optical reporters-one based on the Fö rster resonance energy transfer between a pair of fluorescent proteins, and the other based on fluorophorelabeled HaloTag-and studied the behavior of these reporters placed at the N-terminal end of the monomeric VSD derived from voltage-sensing phosphatase. We found that both of these reporters were affected by the VSD transition, generating voltage-dependent fluorescence readouts. We also observed that whereas the voltage dependencies of the N-and C-terminal effects appear to be tightly coupled, the local structural rearrangements reflect the way in which the VSD is loaded, demonstrating the flexible nature of the VSD.
INTRODUCTION
Membrane electrical signals occur and propagate rapidly, and play essential roles in a variety of physiological functions including secretion, muscle contraction, and neural transmission (1) . These electrical signals are amplified and/or decoded by membrane proteins that use a conserved module, the voltage-sensor domain (VSD), to sense the transmembrane electric field. The VSD consists of four membranespanning segments (S1-S4) and undergoes a conformational transition from a down state at hyperpolarized voltages to an up state at depolarized voltages. The transition is coupled to effector function. In voltage-gated channels, the VSD is coupled to the gating of an ion-conductive pore consisting of four units of the S5-S6 segments (1) , whereas in the voltage-sensing phosphatase (VSP), the effector is a monomeric phosphoinositide phosphatase whose enzymatic activity is regulated in a voltage-dependent manner (2) . In the primary structures, the effectors of VSDs are typically located in the region C-terminal to S4.
Since the first molecular identification of a voltage-gated channel (3), efforts have been made to understand the transition mechanisms. Although atomic-scale structural information about each state would provide crucial clues, all of the VSD protein crystal structures resolved thus far likely reflect the up state (4) (5) (6) (7) . Nevertheless, a variety of approaches have shown that the transition at least involves the upward motion (i.e., from inside of the cell to outside) of S4 (8) (9) (10) (11) (12) (13) (14) , even though the details of the transition mechanisms remain unresolved (15, 16) .
Along with this structural and functional evidence, it is generally accepted that the VSD acts on the region C-terminal to S4 upon its transition. In the conventional model for voltage-gated channels, for example, the covalent S4-S5 linker is thought to transmit force generated by S4 to the pore, thereby regulating its gating (17, 18) . Moreover, it has been shown that the VSD can be coupled to nonintrinsic effectors placed at the C-terminal end of S4, such as the pore domain of the other channel, as well as fluorescence reporters (19) (20) (21) . In contrast to downstream actions of the VSD that occur C-terminally upon transition, whether the VSD transition also structurally affects the region N-terminal to S1 has not been directly addressed. Here, by taking advantage of the monomeric nature of the VSP-derived VSD, we were able to functionally introduce two different optical reporters into the N-terminal end of S1, which enabled us to detect the existence of such an upstream effect.
MATERIALS AND METHODS

Molecular biology
Site-directed mutagenesis was performed as described previously (22) . Details of the constructs used in this study are described in Fig. S1 in the Supporting Material.
Electrophysiology and photometry in Xenopus oocytes
performed using an amplifier (OC-725C; Warner Instruments, Hamden, CT) and an inverted microscope (IX70; Olympus, Tokyo, Japan) equipped with a stable 75 W xenon lamp (Ushio, Tokyo, Japan). Intracellular glass microelectrodes were filled with 2.5 M KCl (pH 7.2), and these had resistances ranging from 0.1 to 3.0 MU. A 20Â objective lens (NA 0.70; Olympus) was used to collect fluorescence. The fluorescence emission spectrum from a voltage-clamped cell was acquired by delivering fluorescence output to a spectrophotometer (USB4000; Ocean Optics, Dunedin, FL) via an optical fiber (QP600-2-UV-VIS; Ocean Photonics). One or two photomultiplier (PMT) modules (H5784-02; Hamamatsu Photonics, Hamamatsu, Japan) were used for single-or dual-channel photometry, respectively. The outputs from PMT modules and the TEVC amplifier were digitized and stored using an A/D converter (1322A; Axon Instruments, Sunnyvale, CA) and pClamp8 software (Axon Instruments). For dual-channel photometry in Förster resonance energy transfer (FRET) experiments, fluorescence output at the IX70 side-port was further split using a dichroic mirror, band-pass filtered, and delivered to the donor and acceptor channel PMT modules. To label the HaloTag domain with tetramethylrhodamine (TMR)-conjugated ligand (Promega, Madison, WI), cRNAinjected oocytes were incubated for 15-30 min at 18 C with the ligand (final concentration of 2 mM) in ND96 solution with gentle agitation using a rotator (RT-30; Taitec, Tokyo, Japan). Cysteine labeling with thiol-reactive TMR-maleimide (Molecular Probes, Carlsbad, cA) was performed as described elsewhere (25) . Data were averaged for four to six sweeps to reduce noise in TMR photometry, but not in FRET measurements. Gating currents (i.e., capacitive currents added by the motion of the electrically charged VSD) were measured using the conventional P/5 protocol. Data were analyzed using Clampfit (Axon Instruments) software. The scheme for the recording setup and the optical filters used are described in Fig. S2 .
RESULTS
N-terminal effect detected using a FRET reporter
We obtained the first evidence (to our knowledge) for the existence of an N-terminal effect using a construct in which mUKG and mKOk were placed in tandem at the N-terminal end of S1 (Fig. 1 A) . mUKG and mKOk are monomeric green-and orange-emitting fluorescent proteins that serve as the FRET donor and acceptor, respectively (21) . The VSD contained a R217Q mutation to shift its voltage sensitivity into the hyperpolarized range (20, 26) , which was advantageous for characterizing gating charge movements with negligible superimposition of endogenous ionic currents in Xenopus oocytes. The construct showed fine membrane expression in oocytes, which were then used for simultaneous voltage-clamp and photometry. Although it was not expected initially, the donor and acceptor fluorescence exhibited clear reciprocal changes in response to switching the membrane voltage between -80 mV and þ40 mV (Fig. 1 B) . Upon depolarization, the acceptor/donor ratio increased by 33% 5 2.9% (mean 5 SD; n ¼ 4), which is comparable to the ratio change (~40%) achieved with the same FRET reporter placed at the C-terminal end of S4 (21) . Next, we measured the time-resolved FRET response ( Fig. 1 C) , which showed slow kinetics compared with the gating charge movements (Fig. 1, D and E) . The slow kinetics observed in the FRET response may indicate that the rearrangement within the FRET pair occurs slowly and is rate limiting. An alternative possibility is that the structural change at the N-terminus occurs as a secondary process and does not accompany robust charge movements. We next compared the steadystate responses. The voltage dependence of the ratio change correlated well with the net movement of the gating charge ( Fig. 1 F) . There was a small difference in the voltage dependence ( Fig. 1 F) , which would not be expected if a pure two-state model is assumed. However, the difference is not unreasonable, because the VSD, whether it originates from a channel or voltage-sensing phosphatase, has been shown to undergo multistep rearrangements (25, 26) . Presumably, the difference results simply from the nonlinearity of FRET readouts in detecting structural changes.
These observations clearly suggested that the VSD transition triggered structural changes at the N-terminus that affected the distance and/or orientation between the FRET donor and acceptor. However, there still remained the possibility that the phenomenon is only specific to the FRET reporter used. We therefore sought to evaluate the N-terminal effect using another approach.
N-terminal effect detected using a TMR-HaloTag
In fluorescent proteins, the fluorophores are buried within the b-barrel folds and are generally less sensitive to the environment than are organic small-molecule fluorophores (27) . Therefore, we focused on the combination of an organic fluorophore, tetramethylrhodamine (TMR), and the secondgeneration haloalkane dehalogenase mutant (HaloTag7). TMR fluorescence is sensitive to local environmental factors, such as polarity (27) , which has been employed to probe environmental changes around externally accessible cysteine residues (25, 28) . HaloTag7 is a soluble 33 kDa protein domain that can be specifically and covalently labeled with a variety of ligands (29) . It is thought that upon specific labeling with a membrane-permeable TMRconjugated ligand, the TMR fluorophore is positioned at the surface of HaloTag (30) . We therefore hypothesized that the TMR-HaloTag could be used as a genetically encoded fluorescent reporter for environmental changes that can be tagged even cytoplasmically. Our idea was that the VSD could move the TMR-HaloTag at the cytoplasmmembrane interface, enabling observation of the resultant fluorescence change.
We first tested this idea using the C-terminal effect. HaloTag was placed downstream of S4 and labeled with a TMR ligand (Fig. 2 A) . In response to depolarization, TMR exhibited a fluorescence decrease (Fig. 2 B) . When a similar experiment was performed using the D129R mutant, in which proper membrane expression occurs but the voltage-dependent motion of S4 is ablated (31) , TMR responses were completely abolished (Fig. 2 C) . These data confirmed that the observed optical responses (Fig. 2 B) were not direct effects of the membrane potential change, but rather were dependent on the VSD transition. The voltage dependence of the steady-state fluorescence changes (DF) was well fit by a single Boltzmann function, and a clear voltage dependency was found in its kinetics (Fig. 2 D) . We thus confirmed that the TMR-HaloTag is capable of reporting structural perturbations induced by the VSD transition. Importantly, the molecular mass of HaloTag (~33 kDa) is nearly twice as large as the S1-S4 segments combined (~17 kDa) and is similar to that of the phosphatase domain in VSP (~35 kDa (2)). Therefore, this result confirms the ability of VSD to drive an artificial effector with a substantial molecular mass.
Next, HaloTag was used to tag the N-terminal end of S1 (Fig. 2 E) . Upon membrane depolarization, the original form exhibited a fluorescence decrease (Fig. 2 F) , but the D129R mutant did not (Fig. 2 G) . This again reveals the N-terminal effect of VSD transition. DF was in the same direction as the S4 signal (i.e., decreased fluorescence) and was comparable in amplitude (Fig. 2, F and H) . We found that steady-state DF was well fit by a single Boltzmann function, and observed a clear voltage dependency in its kinetics (Fig. 2 H) . Aiming to find the effective length, we next varied the length of the linker that connected HaloTag to S1 (Fig. 2 I) . The linker length had a clear effect (Fig. 2 J) . With a linker length of 30 residues, the signal was attenuated to nearly one-fourth of that observed with a linker length of five residues. The signal was not detectable with a length of R60 residues (Fig. 2, J and K) .
Thus, we demonstrated that the structural change in the N-terminal region can also be detected using the TMRHaloTag reporter at the N-terminus (Fig. 2 E) . We similarly confirmed a good correlation between the optical signal and gating charge movements (Fig. 3, A and B) . The optical signal from TMR-HaloTag still exhibited slower kinetics than the gating charge movements, but it gave a faster readout compared with the mUKG-mKOk FRET reporter (Fig. 3 C) .
Correlated voltage dependencies in the N-and C-terminal effects D129R eliminated both the N-and C-terminal responses (Fig. 2, C and G) . We also studied the effect of charge Biophysical Journal 105(1) 108-115 neutralization of the first basic residue in S4 (R217Q). Back mutation to the wild-type form (217R) induced almost identical positive shifts in the voltage dependency of both the Cand N-terminally placed reporters (Fig. 4) . These results imply that the N-and C-terminal effects are not independent of one another and likely are triggered by a common voltage-dependent process.
Loading effects on the local rearrangements
We were then interested in whether whole rearrangements of the VSD occur as a rigid fold to exert the N-and C-terminal effects or the nonrigid nature remains. To test this, we studied the effects of HaloTag as a load on local structural rearrangements. We probed local conformational changes using the conventional TMR photometry at two different positions: the top of S4 (G214) (26) and S1 (E144). First, a G214C mutation was introduced and labeled with thiol-reactive TMR-maleimide. HaloTag was left unlabeled and used simply as a load on either S4 (Fig. 5 A) or S1 (Fig. 5 B) . Under the two conditions, the TMR signal showed a nearly identical time course and voltage dependency (Fig. 5, A-C) , indicating that structural rearrangement around this position is less sensitive to the manner of loading. In contrast, when the E144C mutation was similarly studied, a marked alteration in the TMR signal was noted that depended on the segment loaded (Fig. 5, D and E). Although stepwise responses were observed in the S4-loaded VSD (Fig. 5 D) , rapid attenuation was evident in the S1-loaded VSD at higher voltages (Fig. 5 E) . The voltage dependencies of the maximum fluorescence change were identical irrespective of whether S1 or S4 was loaded, and attenuation was also prominent in the pooled data (Fig. 5 F) . These results show that the VSD does not transit as a rigid body, but retains a nonrigid nature such that mode of the rearrangements upon transition can be flexibly modulated by adjunctive domains.
DISCUSSION
Since the first molecular identification of the voltage sensor (3), the nature of the VSD has been predominantly (4-7), conserved interactions also exist between the VSD and pore that are essential for VSD function (32) (33) (34) . This implies that the VSDs within voltage-gated channels are evolutionarily adapted to operate properly in the tetrameric fold around the central pore (34) . Because the pore also undergoes substantial gating motion, it may be difficult to resolve details of the conformational changes that are intrinsic to the VSD using tetrameric channels. The advantage of the VSP-derived VSD over the channel-based VSD is its tendency to allow robust functional expression in cell membrane alone or as a fusion protein, which is most likely due to its monomeric nature (26) . Due to the tractable and robust nature of the VSD derived from monomeric VSP, we were able to functionally introduce two different optical reporters at the N-terminal end of S1, which enabled us to detect optical responses upon VSD transition for the first time (to the best of our knowledge).
In addition, we showed that local structural rearrangements during transition can be spatially modulated by the manner in which the VSD is loaded, which shows that the motion of the VSD does not always proceed in a spatially consistent manner. Previous studies on channels have also reported flexibility in the VSD motion (e.g., modulation of KCNQ channels by KCNE subunits (35)). However, the direct effect of KCNE subunits on the VSD motion appears to be rather complicated to interpret, because KNCE also has drastic effects on the pore domain (36) .
Although this study is based on the VSP-derived VSD, the results may also apply to the channel-derived VSD, considering the functional similarity between them (26). Indeed, the results of some modeling studies suggest that the region upstream of S1 in channels is also less stationary than traditionally thought. These include the KAT1 channel model that was reconstructed using conditional lethal/ second-site suppressor screening, which highlights pairs of residues that are in close contact (37) , as well as the Shaker channel model that was reconstructed using a combination of cysteine-scanning and voltage-clamp photometry (12) . Fig. 2  H) . In the online version, the curve fits for Q-on and Q-off are highlighted in blue and red, respectively. (C) Comparison of the time course of gating charge movement (Q) and TMR-HaloTag signal in response to voltage step from À100 mV to þ20 mV. Responses from four cells and their averages are superimposed. The time course of the FRET response is also presented as a reference (data from Fig. 1 E) . In the online version, the averaged traces for Q, TMR-HaloTag signal, and FRET signal are highlighted in blue, red, and green, respectively. Although the conclusions from these modeling studies focused mainly on the motions of S4 and the pore, these models also appear to imply the existence of some structural changes in the N-terminus (12, 37) . However, the approaches are rather indirect, and furthermore, it remains difficult to exclude the possibility that structural changes at the N-terminus only reflect passive displacement induced by the pore motion. Thus, we believe that this study provides the first experimental evidence that directly shows that the S1-S4 segments are sufficient to induce structural effects on the N-terminal region of S1 upon VSD transition.
The most straightforward interpretation of the N-terminal motion would be substantial movement by S1 upon transition. In this case, assuming that the direction of the TMR signal reflects the change in the proximity of the TMRHaloTag with respect to the membrane, the results obtained using the S1-and S4-tagged constructs (Fig. 2, B and F) imply that displacement of S1 also involves upward motion, similar to the case with S4. However, other possible scenarios in which other regions (e.g., the S2-S3 loop or the C-terminal tail of S4) somehow directly affect the region N-terminal to S1 cannot be completely excluded.
VSP has a long flanking chain (~100 residues) at its N-terminal end (2). Our results thus imply that in addition to the phosphoinositide signaling regulated by the C-terminal phosphatase domain, the N-terminal region could be involved in distinct voltage-dependent signaling. In voltage-gated channels, S4 motion is considered to be transmitted to the S5-S6 pore segments of the same subunit via the covalent S4-S5 linker to regulate gating (17, 18) . Under the conventional view that S1-S3(a) is a rather immobile compartment, the intersubunit S1-S5 hydrophobic interaction has been thought to serve as a fulcrum for efficient force transmission (6, 14, 15) . Assuming that S1 in the voltage-gated channel undergoes substantial movement upon transition, as implied in this study, the intersubunit S1-S5 contact may thus act synergistically with the S4-S5 linker to play a more active role in gating. In voltage-gated calcium and sodium channels, the whole tetrameric fold is encoded by a single polypeptide (1) . Therefore, force transmission via the interdomain S1-S6 linker may also be also conceivable. Moreover, many voltage-gated channels have been shown to have a variety of physiological functions apart from ion conduction, some of which are also voltage dependent (38) . Therefore, contributions of the N-terminal effect to such nonconducting functions are also conceivable.
CONCLUSIONS
The voltage-induced transition of the VSD is a primary molecular process underlying membrane electrical signaling. In this report, we investigated whether VSD transition induces any structural effects on the N-terminal region of S1. By taking advantage of the VSD derived from monomeric voltage-sensing phosphatase, we studied the behaviors of two different optical reporters placed at the N-terminal end of S1: one based on FRET between a pair of fluorescent proteins and one based on the fluorophorelabeled HaloTag. We found that both reporters were affected upon VSD transition, revealing previously unappreciated features regarding the actions of the VSD. We also observed that whereas the signals from the N-and C-terminally located reporters have rigidly correlated voltage dependencies, the local structural rearrangements reflect the way in which VSD is loaded, demonstrating the flexible nature of the VSD.
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